Cell sorting and separation techniques are essential tools for cell biology research and for many diagnostic and therapeutic applications. For many of these applications, it is imperative that heterogeneous populations of cells are segregated according to their cell type and that individual cells can be isolated and analysed. We present a novel technique to isolate single cells encapsulated in a picolitre sized droplet that are then deposited by inkjet-like printing at defined locations for downstream genomic analysis. The single-cell-manipulator (SCM) developed for this purpose consists of a dispenser chip to print cells contained in a free flying droplet, a computer vision system to detect single-cells inside the dispenser chip prior to printing, and appropriate automation equipment to print single-cells onto defined locations on a substrate. This technique is spatially dynamic, enabling cell printing on a wide range of commonly used substrates such as microscope slides, membranes and microtiter plates. Demonstration experiments performed using the SCM resulted in a printing efficiency of 87% for polystyrene microbeads of 10 mm size. When the SCM was applied to a cervical cancer cell line (HeLa), a printing efficiency of 87% was observed and a post-SCM cell viability rate of 75% was achieved.
Introduction
The ability to isolate cell subpopulations and single cells from heterogeneous cell populations has enormous potential in areas such as diagnostics, therapeutics and cell biology. Cells of interest are often surrounded by a background of biological noise, for example in a complex cell culture, a biological sample or in a microbial biofilm. In diagnostics, the isolation of individual cellular components from clinical specimens is commonplace. An example of this is the fractionation of blood components: plasma, erythrocytes, leucocytes and platelets. Recently, there has been a drive to miniaturise cell sorting systems into lab-on-a-chip devices; e.g. blood-on-a-chip device.
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Despite these advances, there is still a need to develop systems that can isolate rare single cells in a milieu of cellular material. In cancer diagnostics, the isolation of circulating tumour cells may be important for non-invasive monitoring of cancer patients 2 and in the perinatal setting, the isolation of foetal cells from the maternal circulation may provide insights into rare genetic developmental disorders. 3 In therapeutics, the ability to isolate progenitor autologous stem cells from host tissue may drive forward whole cell therapeutics for the treatment of degenerative conditions.
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Conventional cell sorting techniques such as continuous flowcytometry and fluorescence-activated cell sorting (FACS) or magnetic activated cell sorting (MACS) are often used in cell biology. The scatter and fluorescent data that these methods produce can yield significant information on cell type, size, surface-protein expression, ploidy and fluorescent marker signature. 5 However, their use requires prior knowledge of a cell's phenotypic characteristics and such cell sorting systems do not lend themselves to the isolation of non-labelled, unaltered, native cells for single cell specific, post-cell-sorting, genome-wide analysis. Furthermore, fluid shear stresses combined with the addition of labels may render cells non-viable following the use of such methods. Thus, the ability to understand cell behaviour at a molecular level often rests on the availability of techniques to isolate and collect viable single-cells for subsequent downstream experiments and genetic analysis. Although flow-cytometry is powerful and capable of performing high-throughput single cell data collection, 5 its capacity to decipher the spatio-temporal information of an individual singlecell is limited.
Current methods for cell patterning include soft lithographic techniques such as micro-contact printing, [6] [7] [8] [9] [10] where cells adhere to selectively biochemically treated areas and form the printed pattern, and microwell trapping, [10] [11] [12] where single-cell entrapment occurs in micropores or a defined diameter after deposition of a cell suspension before the excess medium is removed. These direct contact strategies of seeding single cells offer little flexibility in cell size variation, pattern shape or spacing and they are prone to cross-contamination between the immobilized cells. Therefore, considerable efforts have been made to develop noncontact ''cell printing'' methods for seeding cells onto substrates. It has been shown that cells can be encapsulated within a free flying microdroplet and then printed precisely onto a substrate using an inkjet printer, 13 by acoustic droplet generation 14 and by electrohydrodynamic spraying. 15 Chinese Hamster Ovarian (CHO) cells have been printed using a thermal inkjet printer with post-printing survival rates of approximately 90%.
16 Such noncontact strategies provide unique advantages over arraying cells on spatially patterned substrates, such as the opportunity to develop 3-dimensional cellular structures 17 of defined cell-type composition. The controlled deposition of single cells is however an essential requirement for printing single cell arrays or for patterning different cell types in the attempt to construct artificial tissues with high resolution. Even though obtaining single cells in each printed spot is possible by such inkjet printing methods, when the cell density in the suspension is reduced, 18-20 the overall performance is low and the occurrence of droplets containing only one single cell has to be considered as random.
This paper reports on the development of a novel device which enables a controlled ''one-droplet-one-cell''-like printing of single cells, referred to as the single-cell-manipulator (SCM). The described SCM provides a platform for isolating single cells while also automatically delivering them into predefined positions for virtually any purpose. In this study, the capability of the SCM to print single particles (polystyrene microbeads) and mammalian cells (HeLa cells) onto different substrates, in particular glass slides and microwell plates, with minimal loss of cell viability is demonstrated.
Materials and methods

Single cell manipulator (SCM) system
The SCM has three main functions: (i) isolation of a single cell from a cell suspension, (ii) generation of droplets containing single cells only and (iii) automated placement of single cells onto a substrate. Fig. 1(a) shows the components of SCM system. The core element of the system is a droplet generator that creates free flying droplets from a cell suspension, allowing for optical monitoring of the cell distribution inside the droplet generator prior to dispensing. In the presented case a dispenser chip 21 made from silicon and glass with standard microfabrication technology and driven by a piezo stack actuator was used. This chip as shown in Fig. 1(d) (inset) is similar to piezoelectric inkjet print heads in a ''drop on demand'' mode. The main difference of this new technology to the current inkjet technology is the larger and adjustable droplet volume, the adjustable droplet velocity and even more importantly the transparent glass cover of the chip that makes the nozzle accessible for optical view. By variation of the electrical signal driving the piezo, droplets of 150-800 pl can be generated (see graph in Fig. 1(d) ). Because the nozzle surface condition affects the ability for the dispenser to generate the droplet, to avoid nozzle wetting a hydrophobic coating has been applied on the nozzle surface. A charged-couple device (CCD) camera was used for optical imaging of the nozzle section of the chip to detect single cells prior to dispensing. This region of interest (ROI) inside the dispenser chip is observed by a computer vision system which can detect cell occupancy at the nozzle.
In order to control the number of cells contained within one ejected droplet, instead of random dispensing of single cells like reported previously using inkjet technology, two additional features were incorporated into the system: (i) an optical particle detection mechanism and (ii) a sorting algorithm. While the detection mechanism serves to determine the existence of single cells within the ROI in close proximity to the dispenser nozzle, the sorting algorithm will ensure that only single cells are dispensed and delivered to the prescribed location.
Droplet separation and detection algorithms
While a detailed description of the optical detection system and algorithm is given below, the sorting algorithm should be described first, as follows: first the droplet generator is triggered to dispense one droplet into a waste reservoir by appropriately positioning the dispenser over the waste position. For the dispensed droplet the status of the cell distribution inside the region of interest (ROI) is recorded by the optical system and the number of cells that will be expelled with the next droplet is predicted by the image recognition algorithm. In the simplest case, the sensing region (in this case ROI) is defined by the volume that will be expelled to create the next droplet.
In this case, the number of cells inside the ROI is the measurement which determines the number of cells to be dispensed in the subsequent droplet. The number of cells in the ROI can be easily obtained from the camera image taken by the optical system by automatic image processing as described below, to yield the number of cells in the ROI (N ¼ 0, 1, 2, .). If the measurement of the cell distribution inside the ROI yields any number different from one (i.e. N s 1), then the next droplet is delivered to the waste position and a new camera image is taken. If the measurement yields exactly one cell (N ¼ 1), then the dispenser is moved to the target position by mechanical movement of the stages and the subsequent droplet is printed at the target position. Once the droplet containing the cell has been delivered to the target position, the dispenser moves back to the waste position and the algorithm starts again from the beginning.
To realize the detection of cells in the ROI, an optical setup as shown in Fig. 1(a) was used: the nozzle was illuminated by a cold lamp (KL-1500-LCD; Leica, Germany) and the camera (UI-2230C; IDS, Germany) was furnished with a zoom objective (Opto; Sonderbedarf, Germany) to record images of the nozzle section as shown in Fig. 1(c) . A real-time automatic particle detection algorithm 22 written in Visual Studio 2005 (Microsoft Corporation) was applied to automatically analyse the images within the ROI. This image-processing algorithm 23 simply works by differencing two consecutive image frames acquired by the camera that were set at grey scale level. Sequentially, an image segmentation procedure is performed above the threshold grey scale value to unveil the foreground. The image segmentation results in a new binary image, which reveals the foreground that shows changes in the subsequent image frame. The existence of particles or cells (if any) is represented on the binary image as bright spots. To further refine the detection capability, an additional blob detection algorithm 23 step was added to count the number of particles or cells existing within the ROI. Based on this information, a prediction can be made, whether (i) a single cell or (ii) any other number of cells will be ejected with the subsequent dispensing step. A droplet containing a single cell is predicted for subsequent dispensing, if exactly one cell is detected in the ROI.
Cell culture
HeLa cells (ATCC CCL-2) were grown in culture media (MEM Eagle; Lonza Switzerland) supplemented with serum, penicillin, streptomycin (Invitrogen) and amino acids (Lonza, Switzerland) using a standard incubation environment (37 C and 5% CO 2 ). Cells were harvested after reaching 80% confluence and then washed, trypsinised, centrifuged and re-suspended to produce a cell suspension at appropriate cell concentration. The cell suspension was aliquoted and a viability test was performed using Trypan Blue staining. Cells suspensions used for experiments exhibited an average of 98 AE 1% viable cells prior to the experiment. The cells were trypsinised and reseeded every 2 to 3 days.
Cleaning and sterilizing the chip
Upon fitting the dispenser chip into the SCM system, the following procedure was performed to ensure aseptic conditions inside the dispenser chip. Firstly, 15 ml ethanol solution (70% v/v) was pipetted into the reservoir and the dispenser was driven at high frequency dispensing mode until the solution in the reservoir was depleted. Subsequently, 15 ml cell culture medium was loaded and again the dispenser was driven at high frequency dispensing mode until the solution in the reservoir was depleted. Finally, 20 ml cells suspension was pipetted into the reservoir and continuous dispensing was performed until first cells were observed flowing through the nozzle area (visualized through the camera). From this point on, the SCM was ready to perform single-cell printing as described above. This cleaning procedure was carried each time before a new sample was loaded. The dispenser chip can be used multiple times if it is properly cleaned after use by flushing the fluid channel with deionized water several times. Upon cleaning, the chip was sterilized by autoclaving at 120 C for 20 minutes and stored for subsequent use.
Printing on glass slides
Standard microscope glass slides (Carl Roth, Germany) were soaked in NaOH (1 M) solution overnight. The slides were washed thoroughly and rinsed at least three times with filtered water and finally, dried using compressed nitrogen gas. 50 coordinate positions were programmed on the graphical user interface (GUI) of the x-y-axis system (BioSpot 160, BioFluidix Freiburg, Germany) to give 10 Â 5 arrays of printed spots at 500 mm centre-to-centre distance. The buffer solutions were loaded into the reservoir as described above and polystyrene-beads (Gerlinder Kisker; Germany) or cells were printed automatically using the hardware and algorithm. The glass slides were inspected under a bright field microscope and the polystyrene-beads or cells in each printed spot were counted manually. The bead/cell dispensing efficiency was determined by counting the number of beads or cells filled in individual printed spots divided by the total number of printed spots.
Cell printing in 96-well microplate and growth monitoring
Cells were printed into the wells of a NUNC 96 well flat bottom plates (NUNC; VWR, Germany). Each dataset consisted of 40 wells (utilized 4 rows and 10 columns). The first row was divided into two sections with 5 wells each identified as ''control A'' and ''control B''. The remaining wells (30 wells, in row 2 to 4) were identified as ''single-cell''. All 40 wells were prepared by adding 30 ml culture media into each well. For the ''control B'' and ''single-cell'' wells, the coordinates for printing were programmed according to the well positions using the GUI of the xy-axis system. In the ''control A'' wells, 1 ml cell suspension was pipetted manually. In the ''control B'' wells, 20 dispenses of 400 pl droplets were delivered using the SCM and identical dispensing parameters like for the single cell dispensing but without controlling nor determining the number of cells. Finally, automated single cell printing into the remaining 30 wells was performed. After seeding the cells, each well was inspected under the microscope and the number of cells in each well was counted. The seeded well plates were returned to the incubator at 37 C temperature and 5% CO 2 for one week. The wells were inspected regularly to monitor and count the cells accordingly. The yield of single cell survival was determined by dividing the total number of single cells that showed division in a well after day 2 by the total number of wells successfully populated with single cells. The cell culture media were changed every two days.
Results
Single-particle micro-array
The first experimental evaluation of the SCM performance was carried out using polystyrene microbeads of 10 mm diameter as a surrogate for biological cells. The main objective in this first experiment was to deposit droplets containing single particles onto a glass substrate and to determine suitable parameters for the detection and sorting algorithms. In order to obtain a good performance i.e. dispensing efficiency, the sensing region (referred to as the Region of Interest-ROI) is the most sensitive element to be considered. Determining the appropriate size and location of the ROI became a crucial task since the flow path of cells or particles inside the dispenser chip depends on many parameters like for example liquid flow velocity as well as size, position and drag coefficient of the particle.
As a first estimate to predict whether a cell or particle inside the chip will be expelled with the subsequent dispensing, the liquid volume inside the chip corresponding to the dispensed droplet volume was considered. The liquid volume depleted from the nozzle to produce a droplet corresponds to the surface area bounded by the trapezoidal shaped nozzle times the channel's depth (which is in the present case 40 mm). Determining the surface area eventually leads to a first estimate for the size of the ROI. To estimate this surface area, the measured droplet volume generated by the dispenser chip at 400 pl (see gravimetric measurement in Fig. 1(d) ) was mapped onto the surface area of the dispenser chip close to the nozzle. The resulting shape is displayed in Fig. 2(a) as blue area B. The corresponding image size acquired by the image analysis system is displayed as a red rectangular sector in Fig. 2(a) upstream of the dispenser chip nozzle.
To determine the suitability of the estimated ROI for the given purpose, an experimental comparison with one larger and one smaller image differing by 20% in area size was performed (see red dashed lines and resulting blue shapes A and C in Fig. 2(a) ). Experiments were performed by printing polystyrene beads onto glass slides using the different ROI marked with A, B and C in Fig. 2(a) and determining the dispensing efficiency by microscopic evaluation of the printed patterns. The so-called ''dispensing efficiency'' is defined by the number of spots containing one single particle divided by the total number of spots printed onto the substrate. This figure was used as a measure to determine the efficiency of the corresponding ROI and later on to study the influence of other parameters on the process.
For the first experiment, a buffer suspension at 2.6 Â 10 4 particles per ml was prepared by suspending polystyrene beads (diameter 10 mm) into deionised water. This solution was then supplied to the reservoir connected to the dispenser chip and printing was executed to generate 50 spots on a glass slide (10 Â 5 array spots with 500 mm centre-to-centre distance). Notably, single polystyrene bead arrays could be successfully printed on the glass substrate as shown in Fig. 2(c) .
The yield of spots occupied with single particles of about 80% was much higher than in any previous study reported in the literature by straightforward inkjet printing.
14,18,20,24 However, the dispensing efficiency does depend on the size and location of the ROI (as shown in Fig. 2(b) ). For the droplet volume of 400 pl, the best dispensing efficiency was achieved with the ROI area B for all considered particle concentrations at an average dispensing efficiency of 80%. A larger ROI (type A) produces more spots occupied with more than one cell, while a smaller ROI (type C) produces more void spots containing no particles. On the basis of these findings, the ROI of type B and a corresponding droplet volume of 400 pl were used for subsequent experiments.
Effects of varying the buffer concentration
Given the established size of the ROI, the SCM has been characterized when varying concentrations of the particle suspension affect the overall dispensing efficiency. Series of particle suspensions were prepared using different polystyrene bead concentrations ranging from 2.5 Â 10 5 to 7.8 Â 10 5 beads per ml and then printed onto glass slides as described before. As a noticeable result, it was found that (i) variations in particle density in the considered range have only a weak influence on the dispensing efficiency and (ii) the best dispensing efficiency of about 87% is obtained with the smallest concentration. With higher concentrations, the number of spots containing more than one bead increases, but never exceeds 5 beads per spot in the worst case scenario (Fig. 3) .
Printing single adherent cells
To assess the SCM's performance for living biological cells, suspended HeLa (a cervical cancer cell line) cells were used. These cells are generally considered to be more fragile than CHO-cells, which have been used most often in cell printing studies to date. Thus, the selected cell line can be considered as a realistic model to test the performance of the method. Before starting the experiment to evaluate the viability of printed single cells, an evaluation for studying the single cell printing efficiency was performed by the same experiment as with polystyrene beads. The reasons behind are that (1) the viscosity of the cell culture media was approximately twice as high as for deionized water (culture media: 1.92 mPa s, DI-water: 0.98 mPa smeasured data not shown). Therefore it was vital to ensure that HeLa cell could be delivered and deposited comparable with polystyrene beads. (2) The cells used in this experiment were not labelled with any fluorescence molecule and furthermore the irregularities in size and shape for living cells were obvious compared with polystyrene beads. Therefore it was important to evaluate the capability of the algorithm to recognize real cells with the same approach like before. With the same setup as before, droplets of 400 pl could be dispensed using the dispensing parameters: maximum actuator displacement 8 mm and actuator extension velocity 40 mm ms
À1
. Using the same ROI and the method as before, HeLa cells were printed on glass slides for varying cell concentrations.
The dispensing efficiency as shown in Fig. 4 (a) was similar to that of the polystyrene beads. A high dispensing efficiency of 87% could also be obtained for HeLa cells in the best case. However, increasing the cell concentration significantly beyond 5.3 Â 10 5 cells per ml had the effect of reducing the dispensing efficiency. While the effects of changes in cell concentration seem to be more significant for the HeLa cells than for the microbeads, no significant influence of the cell concentration on the number of void spots can be detected. For subsequent experiments, the cell suspension density was prepared at 5.0 Â 10 5 cells per ml.
Effect of actuator extension speed to the single cell viability
Apart from a high dispensing efficiency of course, the survival rate of cells being subjected to single cell manipulation is of the utmost importance. Therefore, the ability of the HeLa cells to survive throughout the printing process was assessed. One well known and important parameter that influences the viability of cells in liquid flows is the maximum shear rate that occurs in the flow. If this maximum shear rate is too high, it might damage the cell membrane or have other adverse effects on the cell viability. Though, the exact value of the maximum shear rate inside the dispenser chip could not be determined experimentally, its influence was studied. For the used dispenser chip, faster actuator extension velocities lead to higher flow rates and thus higher shear rates inside the nozzle. Therefore, by varying the actuator extension velocity, the shear rate inside the nozzle and the droplet velocity could be changed and the cell viability was studied as a function of it.
For the experiments, the dispensing parameters to obtain droplet volumes of 400 pl cell suspension were set to 8 mm maximum actuator displacement and the actuator extension velocity was varied from 30 mm ms À1 to 50 mm ms
À1
. For each actuator extension velocity, single HeLa cells were printed into a microwell-plate and cultured over a course of time as outlined in the methods section. As expected, the dispensing efficiency does not show a significant change while varying the actuation velocity. Single HeLa cells were separated into individual wells where they at least doubled in cell count by cell division within 20 hours of incubation. After two days of incubation, the cells in each well were counted and the percentage viable cells calculated. At the slowest actuation velocity of 40 mm ms À1 , 75% of the seeded single-cells remained viable, but with increasing actuation velocity the viability decreased gradually (Fig. 5) .
However, it is unlikely that this decrease is caused by the studied shear rate effect alone. For comparison, an ensemble of cells dispensed into one well by 20 droplets generated at identical parameters as shown in the control B did not show any effect of shear rate influence on the survival rate (cf. line plot in Fig. 5) . Therefore, it has to be suspected that the mere isolation of the HeLa cells also contributes to the reduced survival rate and not only the shear rate experienced during the printing process. Since, an adverse effect of higher shear rate cannot be excluded based on the experimental data it is reasonable to assume that the optimum dispensing conditions to print single cells are obtained at the slowest actuation velocity that still can produce droplets.
Post-printing single cell growth
In further experiments, the growth of single cells printed under such optimum dispensing conditions into microwell plates was studied. To continuously monitor the cell growth after single cell printing, a microwell plate was populated with single cells as described before. Then arbitrarily, 20 wells were selected that contained a single cell which was still viable after one day. The well plate was then continuously incubated for the subsequent days and the selected wells were monitored over time by counting the cells in each well using a bright field microscope.
Interestingly, the cells divided constantly and showed a linear growth profile until day 3 as indicated in Fig. 6(a) . On the subsequent days, the cells expanded exponentially and reached 10% confluence after eight days incubation (Fig. 6(b) ). Monitoring the growth rate was stopped after day 11 where the cells reached almost 20% confluence.
These results have been compared with a control group of cells that was printed as an ensemble of cells into one well by dispensing 20 droplets of 400 pl each without controlling the number of cells in each droplet. This control group showed a very similar exponential growth to the populations that started from a single cell. In total these observations are a first ''proof of principle'' of the ability of the SCM to manipulate single adherent mammalian cells without significant loss of viability.
Discussion
The Single Cell Manipulator device presented in this study represents a major step forward in the area of single cell diagnostics, single cell therapeutics and cell and systems biology. The basis of this, is the recognition that the molecular trademarks of some diseases are best deciphered by the analysis of cell subpopulations on one level, and single cells on the next. The ability to print and reculture single cells in a positional manner, without major loss of viability, has huge implications for many diverse clinical applications.
Mechanical tissue microdissection methods such as laser capture microdissection provide a precise means of isolating single cells for gene expression profiling, and are often used to create discrete gene expression profiles of different cell types in a mixed tumour cell population. However, in the case of microdissection, such cells are rendered non-viable and no further downstream experiments can be performed. Single cell proteome analysis has been shown to be particularly useful in the stratification of solid tumours. In a recent analysis of glioblastoma multiforme, which is the most lethal form of adult brain cancer, multiparameter single cell signalling measurements were analysed for four critical signalling proteins of the oncogenic phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) signalling pathway. 25 In this study, single cell proteomics was performed using microfluidic imaging cytometry (MIC) and compared to standard immunohistochemistry for the four markers and together with the clinical data, this information was used to cluster patients according to clinical outcome and risk of progression. Single cell analysis may be used theranostically in the context of prenatal screening of foetal cells and in the analysis of circulating tumour cells for the detection of abnormal expression signatures.
2,3
At the transcriptome level, single cell analysis applied to siRNA models has shown that within an siRNA treated cell line, distinct populations of varying knockdown efficiency may emerge.
26 Such disparity may not be accounted for in an overall calculation of % knockdown efficiency and can only be uncovered by performing gene expression analysis on single cells. Single cell analysis of a Jurkat cell line, showed that following silencing of GAPDH, two distinct cell lineages emerged: those with partial knockdown and those with complete knockdown. This segregation of cells based on GAPDH gene expression was masked when gene expression profiling was performed on greater numbers of cells. 26 Identification and confinement of particular cell types in systems will create microenvironments where single cell targeted siRNA interference can be performed. A recent study by Saito et al., which used a single cell manipulation support, enabled femtoinjection of interfering RNA into a single mouse embryonic stem cell for quantitative analysis of transient gene expression.
27
The SCM presented in this study may be adapted further to segregate cells according to the expression of optical fluorescent tags or by cellular electrical impedance measurements by the addition of a fluorescent recognition or electrical impedance module to the sorting algorithm. Such advances may allow the creation of cancer arrays and pre-cancer arrays where the cells of a clinical sample are spatially arranged according to a gradient of abnormality. This would assist in the creation of sequence and protein databases for individual cells of tumours of a particular disease state in a move towards genetically informed, personalised medicine.
The novelty of the presented method rests upon the ability of controlled encapsulation of single-cells within picolitre sized droplets and the non-contact printing of these droplets onto predefined locations at a reasonably high yield of up to 87% with considerable high survival rates of about 75% (determined for HeLa cells). Perhaps, this feature is a fundamental advance compared to existing non-contact techniques like inkjet printing of cells with random populations of cells per droplet. The obvious limitation of conventional inkjet print heads is the cell detection mechanism which is not present in these devices. Therefore, a sorting of droplets according to the number of encapsulated cells is not possible. However, in principle the described method could perform equally with any other dispenser which provides (i) a drop-on-demand dispensing mode and (ii) features a transparent nozzle which is accessible for optical imaging.
Of course, there are in principle various other possibilities to realize cell detection inside a droplet generating device without the use of optical imaging. For the presented method a computer vision system was selected, because it was rather simple to integrate with the existing transparent dispenser chip which was originally designed for applications other than dispensing living cells. Within the scope of the presented study, the basic working principle of the method could be proven by integrating the dispenser chip, the optical detection system, the control algorithm and a motion control system to perform the described experiments. The complete system ultimately provides a platform for single-cell manipulation that can be used and tested for separating, collecting and printing of single-cells for further downstream investigations.
The size and position of the ROI are the sensitive elements and determinant factors that contributed to the dispensing efficiency. Of course the point of measurement should be as close as possible to the point where the droplets are ejected to reduce any uncertainty. The decision to locate the ROI close to the nozzle is further grounded on the geometrical shape of the fluid channel that has a tapered constriction feature towards the nozzle. This geometrical shape generates a fluid flow focusing effect, which narrows the fluid flow into smaller streams while approaching the nozzle section. As a consequence, the cell population is gradually reduced and the flow streams are aligned towards the nozzle orifice. Another contributing factor that affects the dispensing efficiency is the depth of the fluid channel. With a 40 mm deep channel like that used in the presented device and using HeLa cells with an average diameter of 12 mm, there is certain probability of more than one and up to three cells being stacked on top of each other along the channel depth. Such a situation can lead to false positive results by the single cell detection algorithm and is one possible reason for the dispensing efficiency not having reached higher values than 87% in this study.
If the cell density is sufficiently high to enable one cell per droplet in a statistical average, the single cell printing frequency mainly depends on how fast the image recognition algorithm can be executed and how fast the dispenser can be moved and triggered. Obviously, reducing the image size will reduce the software processing time and hence increase the printing frequency. To capture the ROI as defined in the previous section, an area of only 100 mm Â 100 mm surrounding the nozzle was monitored at 3.2Â objective magnification. The resulting image of 50 Â 50 pixels size enabled sorting frequency of 8 events per second on average. Although the sorting performance is far below the wellestablished fluorescent activated cell sorter (FACS) technology, the SCM as described here can be regarded as a complementary technique for separating and manipulating single cells by noncontact printing. In particular, the method presented here is much more cost efficient than FACS and does not require any labelling. The main advantage compared to FACS technology is however that the single-cells can not only be sized and counted (which is a straightforward feature that was not exploited in this study), but can be separated in a very small volume of cell culture liquid and printed onto a wide range of substrates.
Conclusions
In conclusion, we have outlined a non-contact method for the controlled separation of single cells confined in a droplet that can be printed inkjet-like onto predefined locations. We validated experimentally the suitability of this method to manipulate adherent mammalian cells by performing experiments with HeLa cells. The achieved dispensing efficiency and the viability of the cells after printing suggest that the presented method is a suitable platform for printing single cells of various types for all kinds of biological studies. Single cell sorting combined with a single cell omic approach has the potential to revolutionise our understanding of systems biology in clinical diagnostics, therapeutics and theranostics.
